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FOREWORD

This document is Volume I of a report presenting work accomplished by The
Boeing Company during the first twelve month period from June 11, 196k
through June 11, 1965 in "Large Motor Case Technology Evaluation"”, Air Force
Contract AF 33(615)-1623. Because of its length, this publication is pre-
sented in two voluies. The work was administered by the AF Materials
Engineering Branch, Materials Application Division, Wright-Patterson Air

Force Base, Ohio. The project engineer is Lt. Robert M. Dunco, MAAE.

The performance of this contract is under the direction of the Struct'{"ra.l
Development Unit, Structures and Materials Department, Aero-Space
Division, The Boeing Company, with C. F. Tiffany as Project Supervisor,

J. N. Masters, as Project lLeader, and Howerd A. Johnson as Non-destructive

Test Program Leader.

NOTICE

This document may not be reproduced or published in any form, in whole or
in part, without prior approval of the Government. Because this is a Pro-
gress Report, information herein is tentative and subject to changes, correc-

tions, and modifications.
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I. ABSTRACT

In this volume, the results of base metal and weldment tests, and analyses
of design deviations on materiels and configurations of large solid motor
cases of the 623A class are presented. A resultant end product of the sbove
is the development of tables and curves depicting allowable initial flaw
sizes in weldments of three large motor case designs. Such déta considers
the combined effect of material toughness, anticipated subcritical flaw
growth, and total applied stresses which includes the effects of designed

and manufactured discontinuities.

A second phase of this program summarized in this volume is the data gener-
ated during a statistically designed experiment devoted to the development
of welding processes on three promising new materials. The effects of

welding process variables on weld quality and toughness (KIC) are shown.

Volume II describes the work performed to date in the area of nondestructive
inspection and includes specifications for fabrication of an automated ultra-
sonic inspection system suitable for use on large diameter motor case weld-

ments.




ITI. INTRODUCTION

The objective of this program is to assess material and process requirements
for large solid propellant motor cases fabricated with roll-and-weld tech-
nologzy. Emphasis is placed on definition of material requirements for
reliable performance, development ana evaluation of advanced welding and
inspection methods, and improvement in the engineering standards used to

produce reliable motor cases.

The siort—range goal includes the definition of the effects of defects,
design deviations, and material quality on the performance of the two alloys
presently being used in the 623A programs, and a review of the capability

of present nondestructive testing techniques. The long-range goal is the
establishment of large-motor-case material selection criteria and the devel-
opment of cufficient detailed material, process, inspection, and subsize
case performance data on motor-case materials to ensure a rational material

selection prior to the initiation of potential future motor-case designs.

Initially, cfforts included the evaluation of 260 inch case material-process
combinations, and welding development on three alternate alloys. This was to
be followed by detailed specimen and subscale case testing of the two most
promising alternate alloys, and of the two 260 inch case materials. Since
release of the September Progress Report, however, the program has been re-
directed to include an evaluation of the 156 inch case material-process com-
bination. This has required the elimination, subsequent to the multiple

balance experiment, of two alternate alloys instead of one.

A sumary chart of the program plan showing the mejor areas of investigation

is shown in Figure 1.
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III. BACKGROUND

Before discussing detalled data being developed on this program, it appears

appropriate to briefly describe the role fracture toughness testing and

fracture mechanics analysis play in material selection efforts. Further,

it is felt necessary to define the more important relations of these items

with design, stress analysis, fabrication, and non-destructive inspection

procedures in obtaining reliable and economical motor cases.

From examination of many past motor case and pressure vessel fallures it

becomes apparent that the primary causes for failure are pre-existing flaws.

Also these past investigations have indicated that failure occurs when the

flaw tip stress intensity attains a critical value which is commonly called

the plane strain fracture toughness, KIC’ In a simplified form, the stress

intensity, K, at the leading border of & surface or internal flaw can be

described by the following:

where

O

1.1

K = l.l\/?o(a/Q)% My (1)

semi-minor axis of an elliptical flaw

applied gross stress

Flaw shape parameter

magnification factor to account for deep flaws,
multiple flaw interactions, etc.

applies for surface flaws, and drops to unity for internal flaws.

e :.n).‘m
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At onset of rapld propagation and fracture;
1
= 2
Kic = 1.1VA o(a/Q)Z M (2)
By describing the critical flaw size, (a/Q)cr, as the allowable initial
size, (a/Q)i, plus anticipated subcritical flaw growth, Equation (2) can be

rewritten as:
Allowable (a/Q)i + Suberitical . 1 /K. 2 (3)
growth ~ 1.217
Mg O

vhere:
GT = total applied stress
Analysis of each element of Equation (3) is required and will be discussed

in this report.

In considering large diemeter motor cases, one must consider the following
questions:

1) What K;, values are of primary interest?

2) What determines the total applied stress level, 6 57
3) Whap type of subcritical flaw growtl might one expect?

In answer to the first question, 1t is apparent‘that weldments and heat
affected zones (HAZ) are of primary importance for KIC determination for
two reasons. First, weldment and HAZ toughness values are generally lower
than parent metal values, and secondly, the probability of flaw occurrence

is highest in these areas.

Accordingly, primary emphasis in the alternate materials portion of this

program is placed on the determination of weldment and HAZ K., values and

IC

in determining the influence of process variable on these values. Additional

emphasis will be placed on thick section properties.
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In answer to the second question, the applied primary stresses in a motor

case are dependent upon the design factors of safety and the selected heat

freat strength level. But as important, the detemination of critical flaw

sizes or allowable initial flaw sizes must include consideration of:

1) Secondary or discontinuity stresses inherent in the design (e.g., head
to shell joints).

2) Secondary stresses resulting from design deviations (e.g., linear and
angular mismatch).

3) Possible residual stresses

Later paragraphs will discuss procedures used to determine these secondary

stresses and show the probable influence of these stresses on critical flaw

sizes. Also, included are the results of residual stress measurements made

on the Aerojet and Thiokol 260 inch diameter motor cases.

With regard to subcritical flaw growth, probebly the most important consid-
eration is the possibility of envirommentally induced sustained stress growth
during proof testing »r during actual motor firing. Also, if there are

high residual tensile stresses, there is the possibility of flaw growth under

Zero pressure.

While one might expect that the pressurization times are not sufficiently
long to worry about sustained stress flaw growth, this cannot be assumed.
For instancze extremely large amounts of flaw growth have been observed in
the 4340 type steels operating in a damp enviromment. For this reason each
of the 623A materials and the alternate alloys were tested (both base metal

and weldments) to define flaw growth characteristics.

ot mnni e 7R ke
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Our inhouse research on motor case materlals which is being extended on this
program included the investigation of some 14 elloys. These efforts were
based on the investigation of parent metal and weldment fracture toughness,
sﬁbcritical flaw growth, and fabrication characteristics. Yield strength
levels ranged from about 140 KSI to 280 KSI. These materials are summarized
in Table I. The typical base metal plane strain fracture toughness values
are shown in Figure 2, and typical weld metal fracture toughness data is
shown in Figure 3. In both Figures 2 and 3, arrows depict those data points
where specimens falled after net section ylelding, and thus KIc values are
known to be greater than indicated. From these illustrations, it 1is appar-
ent that toughness reductions would be expected with increasing strength
levels. In considering these trends, two fundamental questions are raised:
1) What material strength level is required for large diameter solid
motor cases?
2) How high a toughness value 1s needed to guarantee a reliable motor
case?
In an attempt to obtain an answer to the first question, in 1963, a systems
study was initiated on two large launch vehicles utilizing 260" first stage
motors and liquid upper stages. One vehicle was deéigned to place 500,000#
of payload in a 300 mile earth orbit, the other to place 1,000,000# in orbit.
These studies have been reported elsewhere (Reference 1), and can briefly
be summarized as follows. First, by holding all propellant weights constant,
it was seen that a decrease of first stage case tensile strength from 250
down to 150 KSI results in a payload reduction of only three to four percent.
Secondly, three cases were designed utilizing 150, 200, and 250 KSI strength

materials (HP150, Ladish D6 at 200 KSI, and 18 Ni 250). Cost estimates were
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developed by Boeing and by three companies experienced in constructing large
structures. The results of these estimates were then used in constructing a
curve of case strength versus relative cost per pound of payload In orbit.
The overall result was that total vehicle economics was campletely insensi-
tive to first stage case strength level. Recognizing that any.contingencies
such as an expected higher proof test failure rate in the higher strength
materials, it became apparent that actual vehicle cost sévings might accrue

from use of the lower strength materials.

Based upon this study, no apparent advantage could be seen in using the very

high strength materials in 260-inch diameter cases. With regard to the 156-

inch diameter cases, the gquestion as to required strength is still unanswered.

Intuitively, it is felt that vehicle performance may be slightly more sensi-
tive to case strength level, but to our knowledge there i1s no such data

available.

The answer to the second question (i.e., what KIC values are required to
ensure reliability?) is not a simple one, however, the following illustrates

what is felt to be a practical approach.

It is clear that from an economics standpoint we cannot afford many proof
test failures, and from the standpoint of both economics and personnel
safety, the prevention of service failures is mandatory. Obviously, if an
accurate job of defining allowable flaw sizes is done, materials and
fabrication processes are selected which result in & low probability of
flaw occurrence, and if non-destructive inspection procedures are developed

which guarantees detection of all flaws larger than allowable, neither proof

e



[ [Re—

RO

test nor service failures should be encountered. Unfortunately, this goal
has not yet been attained, and other tools must be investigated to help

guard against'failure.

The potential value of the proof test in assuring subsequent service life
was discussed in the 5th report of the ASTM Committee on Fracture Testing
(reference 2). This is illustrated in Figure 4. As seen in this figure,
maximum initial to eritical flaw size ratio, (a/Q)i/(a/Q)cr is equal to
l/a2, vhere a is the proof test factor. Similarly, the maximum initial-to-
critical stress intensity ratio, Kii/Kic, is equal to 1/a. Both are inde-
pendent of the actual proof stresses, and the actual material toughness
values. This is significant since the actual proof stresses may be differ-
ent because of design or manufactured discontinuities, and because the
toughness values will likely vary between base metal, ﬁeldments, and

forzings.

Mo, as noted in the Figure, the minimum flaw growth potential in the tank
(acr/ch-ai/Qi) 15 equal to (L - 1/a®). The task then lies in evaluating
the flaw pgrowth characteristics of the case materials, to ensure that flaw
growvth during service is indeed less than the growth potential noted above.
As will be seen in the body of the report this does not appear to be a
critical problem for the materials under study, and for the expected service

requirements of large caeses.

The final question remains, then, of how to prevent proof test fallures. An
obvious approach would be to utilize a material with sufficient toughness

such that any subcritical flaw would have to grow through the thickness
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prior to reaching critical size. Such a case would then leak rather than

fail catastrophically and it could be subsequently repaired.

Such a criterion could be met in a case if the critical flaw size at proof
pressure for the worst shape flaw (i.e., a long elliptical surface flaw)

is greater than the case thickness. Such a criterion could obviously not
be met if under the same pressure the most favorably shaped flaw (i.e., an
internal penny shaped crack) attained critical size prior to exceeding a
diemeter greater than the case thickness. Using this approach, Figures

5 and 6 have been constructed. In Figure 5, a hypothetical 260-inch

case is illustrated, with design pressures and factors as noted. The rela-
tion of weld toughness versus yleld strength shown earlier in Figure 3 is
repeated. Superimposed on this band, are two cut-off lines depicting the
two extremes just mentioned. It is seen that through the use of materials
with yield strengths greater than about 200 KSI failure prior to leakage 1is
a certainty for even the most favoreble flaw shape. Through the use of
materials with yileld strengths of about 150 KSI and under, critical long
surface flaws are greater than thickness, and a leak before failure condi-
tion prevails. Between these two extremes, failure mode is dependent upon
actual flaw shapes and locations. Figure 6 illustrates the same approach
for a 156-inch case with the same design factors. Here it is seen that
because of thinner cylj.ndrica.l shell requirements, higher allowable design

strengths are acceptable.

This background discussion has attempted to convey the following major

points.
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1) Pre-existing flaws are the primary cause of unreliable motor case
behavior.

2) Alloweble flaw size detemination requires an accurate knowledge of
Kic values, subcritical flaw growth, and total motor case stresses.

3)  From the primary standpoint of reliability (although vehicle economics
are not ignored) it is desirable to have weldment KIC values in excess
of about 160 or 170 KSI VIN for 156-inch motor cases, and in excess
of about 200 KSI VIN for the 260-inch cases.

The program described in the following paragraphs has been planned aroﬁnd

these three major points.

10
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IV. DISCUSSION

The following sections describe the work accomplished to date in the three
major areas of investigation (i.e., 623A Class materials, alternate
materials, and non-destructive testing). Early program results are sum-

marized where necessary for understanding of the detailed presentation of

the results of the last quarter.

A. 623A Class Materials
The specific goal of this portion of the program g the establishment of
flaw acceptance criteria and allowable weldment design deviations (i.e.,
mismatch and sink-in) for the large diameter maraging steel motor cases of
the 623A type. This necessarily requires an evaluation and understanding
of static fracture and subcritical flaw growth characteristics of the
appropriate material - process combinations and analyses of total stresses
in typical weldmente in the three 623A cases.

1. Testing Approach

In order to establish realistic baseline toughness values and flaw growth

characteristics of existing large case materials, all weldment tests are

being performed on penels fabricated by the three 623A motor-case contractors.

In each case, material thicknesses were selected to duplicate full scale
head and shell requirements. Limited tests were performed on base metal,
with primary emphasis on weldments (centerline and heat affected zones,
HAZ). Base metal was purchased specifically for use on this program, weld
wire (and flux where applicable) was supplied by the case contractor. Weld-
ment-grain direction orientations were selected to represent what was felt
to be the most critical combination. That is, wvelds in gages representing

cylindrical giells were placed perpendicular to the primary plate rolling

11
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direction, thus duplicating the longitudinal shell weld. For the thinner
gages representing head thickness, veldments were placed parallel to the

primary plate rolling direction. All specimens were pulled transverse to
the weld. Fatigue cracked surface flaw specimens were used for toughness
and flaw growth studies for most weldments. One exception was the use of

cracked round notch bars on .75 inch thick 18 Ni (250) weld penels.

Static specimens were tested in air at room temperature by lcading at a
rete required to produce & complete failure within one to three minutes.
Sustained load tests were performed by loading to approximately 85% of the
critical stress intensity (Kyc, as determined from the prior static tests)
and holding at this level until failure or for 24 hours. If failure did
not occur at this time, the strésa intensity level was increased five per-
cent. With no failure for an additional 24 hours, the load was increased
directly to fallure. As described later, these teets were performed in

either air, or under a 3-1/2% salt solution spray environment.

Flaws in the HAZ specimens were placed so as to intersect the coarse
gralned zone immediately adjacent to the fusion line. Flaw shape on these
specimens was semi-circular where possible, so that stress intensity around
the crack periphery was essentially constant. Such flaw placement was
suggested from a series of smooth tensile specimen fatigue tests. Here,
specimens were cycled at & maximum tensile stress of 80% of yield until
failure or until a crack was observed. Three out of four 18 Ni (250) speci-
mens (GTA and submerged are weidments) developed cracks in the noted coarse
grained location, and one in the weld centerline. Both 18 Ni (200) speci-

mens failed in base metal, distant from any weld affected structure.

12



2. 18 Ni (200) Test Results
Compositions of base metal and filler wires used in this series of tests

are as shown below:

FORM FG HEAT c My P 8 81 Ni Cr Mo Al T4 Co
Base Repub 3951104 .01k .05 .004 .007 .02 18.20 .10 4.32 .11 .25 7.75
Wire Spcl Mtls 6-3343 .010 .01 .00S5 .0O4 .0O4 18.02 - 3.62 .079 .27 7.T4

Base metal tests as reported in earlier reports indicated longitudinal and
transverse KIC values from surface flaw specimens (with flaw normal to plate
surface) of approximately 156 and 138 KSI VIN respectively at a yield
strength averaging 230 KSI. Single edge notch specimens (with crack moving
perallel to plate surface) gave average Kic velues of 115 and 103 KSI VIN
for longitudinal and transverse directions respectively.* Both sets of

specimens had been aged at 900°F for 4 hours.

Toughness values from panels welded (and aged 900°F 8 hours) by Sun Ship-
building and Drydock Company shown in earlier reports are reproduced in
Table II and III. Briefly, these data show HAZ and .62 thick weld center-
line toughness values from five to ten percent lower than base metal. An
additional small reduction in manual repair weld toughness is suggested,
and a more significant reduction is seen in the .40 weld centerline values

of 113 and 119 KSI VIR.

Sustained load surface flaw tests were then run, utilizing the data

generated in the static tests. The data developed during this series of

#Distinct discontinuity in load deflection curves were not usually observed

in this series of tests.

13
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tests are shown in Pigure 7 . It is noted that in eleven out of twelve
test runs in ambient air (50% average hum.iity) failure did not occur
during the 24 hour hold, even with initial applied Ky levels from 30 to 95
percent of critical. This behavior 1s as good as that seen on most base
metal alloys tested in air. The only exception was a .40 inch thich HAZ
specimen (note, transverse grain) which failed within the band of data -
from specimens tested in salt spray. Such band suggests a sustained load

stress intensity threshold level of approximately 75 percent of critical.

The significance of the above noted data will be discussed in later para-

graphs.

3. 18 Ni (250) Test Results (Submerged arc welds)
Compositions of base metal and filler wires used in this series of tests

is as shown below.

FORM MFG HEAT C M, P S8 SiNL Co Mo Al Ti
Base Repub. 3321290 .017 .10 .005 .005 .07 17.93 7.80 4.98 .10 .46
Wire* ARMETCO 09391 .02 .08 .002 .007 .02 17.95 7.88 L4.82 .08 .65
Wire** ARMETCO 09395 .01 .08 .002 .005 .02 18.28 7.88 4.59 .08 .49

Base metal, (.48 and .75 inch plate) fracture tests as reported in earlier
reports indicated a longitudinal Kic of 116 KSI VIN and long transverse
of 86 KSI VIN from surface flaw specimens (with flawv normal to plate sur-
face) and values in the 80's and 90's in both principal directions from
single edge notch and round notch specimens. This material has been aged

at 835°F for four hours and exhibited yield strenmgths of 260 KSI transverse

* Sub-arc welds
#%Manual GTA Repairs

1k



B ] i st ot . %

———— pucmnd il

——h

o W

(.48 inch plate) and 250 KSI longitudinal (.75 inch plate). ;

Panel welds from Newport News Shipbuilding and Drydock Company displayed
yield strengths of 198 and 184 KSI for the .48 and .75 inch panels respec-
tively. Though some fracture specimens were tested at this strength level,
most were aged two-and-one-half hours (in addition to the Newport four-hour
age) at 835°F to increase the strengths to what was felt to be more repre-
sentative of the i1l scale structure. Though the resulting strengths

(225 and 213 KSI respectively) and microstructure more closely represent
the case, such history must raise the question of applicability of the
generated specimen data. Vglid static toughness values that were obtained
on the panel welds after re-aging were in the order of 55 to 58 KSI VIN
in the .48 inch plate. The .75 inch panel was first tested using round
notch bars, which resulted in calculated values of around 40 KSIVIN.

In attempting to determine if variations in toughness existed between the
first and second sub-arc pass, two specimens were prepared from & .75 inch
panel. One with a surface flaw extending into the first pass side, and one
in the opposite side. The resultant values* were 79.3 and 81.8 KSI VIN.
This compares favorably with values of 89.0 and 77.5 KSI VIN taken earlier
in .48 inch "second pass' surface flaw tests in as received material. Weld

test data is summarized in Table IV and V.

Because of the above noted findings, sustained load tests were performed
only on the .48 inch panels from which surface flav specimens had already
been machined. The results of these teste are shown in Figure 8. For

comparative purposes, the data is superimposed on the 18 Ni (200) weld

*These specimens were "as received" (i.e., not re-aged)

15
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date presented in Figure 7. Little difference is seen in the two sets of
specimens. That 1s, the flaws appear to be extremely stable in ambient air
environment and stress intensity threshold level for initiatbn of subcriti-

cal growth is about 75 percent of critical in a salt spray environment.

4. 18 N1 (250) Test Results (GTA Welds)
Composition of base metal and filler wire used in this series of tests are

as shown below:

FORM MFG HEAT C M P 8 SiNL Co Mo Al T
Base USS X53690 .02 .06 .004 .011 .02 18.06 8.10 4.82 .13 .38
Wire ARMETCO 08850 .01 .03 .002 .005 .03 18.10 8.00 4.52 .10 .46

Tensile and fracture data of base metal (.39 plate) aged 900° for three

hours is shown below:

Kio KSI VIR
Fgu Fy
KSI KS Surface Flaw Single Edge Notch
Longitudinal - - 88.8 84.5
Transverse 246 237 82.9 75.9

Toughness values from panels welded (and aged 900°F 3 hours) by Bxcelco
Developments are shown in Table VI and VII. As with the 18 Ni (250) sub-
merged arc weld tests, weld centerline kIC values appear to be significantly
lowér than that of base metal. Likewise HAZ test results, again from sur-
face flaw specimens, show calculated valuee consistently higher than that

of base metal. Such values are obviocusly affected by layered structure

and should be treated with caution. As shown in Table VII, a significant
difference in weld centerline Kyc values were observed between groups of

specimens taken from two panels which were supposedly processed in a

16
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similar manner. Significant differences in ductility were also observed

(4% RA versus 38% RA), while tensile strengths compared favorsbly.

Sustained load date developed from the Excelco weld panels are illustrated
in Figure 9. As before, the data is superimposed on the 18 Ni (200) scatter-
band. From this figure it can be seen that in ambient air environment the
flaws are extremely stable, but significant growth is experienced in salt
spray. Growth rates are slightly higher than in the lower strength materials
discussed earlier; however, a threshold level of 75 percent of Ky, appears
to be a safe estimate. The significance of this data is discussed in

Paragraph IV.A.6.

5. Design Deviation Analyses
The planned design deviation aualyses has now been completed and is in-
cluded as Appendix A. These analyses deal primarily with longitudinal and
girth wveld mismatch and sink-in. The ultimate objective of these studies,
when coupled with previously noted test phases, is to define allowable
weldment flaw sizes in vesels containing what is considered to be typical

deviations from ideal contour.

As might be expected, it has been observed that the most important devia-
tion (in terms of expected dimensional control problems, as well as in terms
of the impact of the given deviation) are probably associated with head
to-y-ring girth welds*. The primary reason for this i1s that applied moments
caused by a given deviation tend to be linearly proportional to the dimen-
sional value of the deviation (e.g., the sink-in in inches), and the resul-

tant stress is inversely proportional to the square of the thickness.

*Nozzle-ring to head junctures are not included in this study.
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A brief discussion of the effects of what are considered to be typical

deviations on critical flaw sizes of existing cases is included in Pars-

graph IV.A.7.

6. Residual Stress Measurements
Residual surface stresses were measured utilizing X-ray diffraction techni-
ques (Reference 3) at several areas of each of thetwo 260 inch dismeter
cages. The measurements were made after the aging cycle on I.D. and 0.D. -
surfaces, on the weld centerline, in the heat affected zone, and in virgin
base metal. The surfaces were sufficiently smooth so that additional sur-

face preparation was unnecessary.

Detailed results were included in earlier reports and are summarized in
Figure 10. The numbers shown in tabular form are the averages (in thou-
sands of pounds per .square inch) of several readings taken at the loactions
shown. Each data point is believed to be accurate within plus or minus

ten KSI.

Data from flat panels welded and aged by Sun Ship and Newport News are also
shown in Figure 10. Diffraction measurements were made on as-received sur-
faces, and on successively deeper surfaces exposed by electropolishing, in
three mil increments. Longitudinal and transverse values, in weld center-
line and heat affected zones from both panels are included in the same illus-
tration. It is seen that readings teken on the original surface are generally
comparable to those measured on the actual cases, and though tension stresses
are occasionally observed, the trend épproaches zero stress at approximately

15 to 25 mils from the surface.
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On the basis of these measurements, it has been chosen to ignore the effects

of residual stresses in the computation of allowable flow sizes in the large

maraged cases.

T. Allowable Flaw Size
The allowable flaw size in a motor case is defined as the critical flaw
size minus the suberitical flaw growth anticipated during service life of
the case. Use of the sustained load flaw growth data reported earlier can
be illustrated as in Figure 11 (a), (b), and (c). PFigure 11 (b) relates
critical flaw size versus total applied stress for material of any tough-
ness. If criticai flaw size at an operating stress of unity is designated
100 percent, it can be seen that critical size at a proof stress of 1.1
times operating, is (1/1.1)2 x 100, or 83 percent of critical at operating.
That is, any case which successfully passes a 1.1 proof pressure could not
have contained a crack-like flaw any larger than 83 percent of critical at
operating pressure, or else the case would have failed before reaching the
proof pressure. By cross plotting the lower bgund of the sustained load
tests shown earlier*, it is seen that it would teke an approximately 60
minute operational loed cycle before a flaw 83 percent of critical would be
expected to grow sufficiently to cause fallure at the firing pressure.
Flaw growth during one firing cycle, therefore, is not felt to be signi-

ficant.

Recognizing that hydrostatic test pressurization rates in the large cases
might be relatively slow and that the case might actually be held at pres-

sure several times for instrumentation read-out, the possibility of

#Note that the ordinate of Figure 7 thru 9 1s squared to construct the

Figure 11 (c) curve.
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growth during the proof test cycle should probably be considered. This is
illustrated in Figure 11 (a). By assuming that a flaw exists before ﬁelting
which is just barely under critical size at proof pressure, meagurable growth
might be expected at pressures above 70 percent of proof (since the .ower-
bound KIi/KIC threshold lies at about 70 percent.) Therefore, a conserva-
tive estimate of allowable flaw size would be a size equal to 90 percent

of the critical size at proof stress.

With this approach, allowable flaw sizes for three 623A cases are shown in
Table VIII. These represent the effects of membrane stresses only (i.e.,
they do not account for designed or manufactured discontinuities), and are
based on weld centerline Kjc values shown earlier. Stress levels indicated

are based on proof pressures and minimum design thicknesses as indicated.

Though detalled discussion of the effects of weld contour deviations is
included in Appendix A, examples of typical deviation effects are illus-
trated for the three cases in Tables IX, X, and XI. Membrane stress
allowable flaw sizes are included for comparative purposes. Rather rapid
decreases in allowable flaw sizes with only moderate deviations are apparent.
For instance, where bulkhead allowable flaw size due to membrane stress in
the 18 Ni (200) large case is approximately .14k inches, this is reduced by
about 50 percent in & Y-ring weldment containing a five percent ( & = .05 x
.34% = .017 inch) mismatch. The probability of having deviations of this

magnitude is extremely high.
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B. Alternate Materials
As illustrated earlier in Figure 1, the overall plan of the alternate
materials phase of this program included the screening of several candidate
materials, weld evaluation of three of the most promising alloys, and
detailed testing (specimens and vessels) of a single alloy. From results
of the screening tests performed early in the program two quench and
temper steels (5Ni and 9Ni) and one maraged steel (12Ni) were selected.
The screening test data for these three alloys is shown in Tables XIT,
XIITI, and XIV. Note that in many instances KIC values are conservative
and are so indicated. During the last quarter the first part of the weld
develqpment program was completed (i.e., the multiple balance experiment)
and the ONi alloy was selected for continued study. Final weld optimiza-
tion, detailed tests of the selected weld process, repair weld evaluation,
thick section property tests, and the subscale case fabrication are now in
work. The following paragraphs discuss the approach and results of the
weld development program.

1. Multiple Balance Experiment

At the outset of this program, it was decided that the program objectives |
would most assuredly he reached if a statistically designed experiment
were to be employed. The experimental procedure selected was the Multiple
Balance Design. This test plan permits evaluation of an unlimited number
of test variables without undue complexity or cost. Table XV 1ists the
variables evaluated.

Base Alloy: Three steels (two quench and temper and one maraging

steel) were selected based upon early screening tests as being most

promising as alternate materials. Tables XVI and XVIT.

Filler Alloy: Three filler alloys were selected for each base alloy,

one being the composition shown best by preliminary studies and two
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modifications to improve toughness, strength or weldability.
Compositions C, D and H in Table XVI are similar to compositions
shown good by previous studies. Compositions B and I approach base
metal composition of the 5Ni and 12Ni steels. Alloy A is a low
strength modification of C. Alloy E is a modification of D with
increased Mn and Si to improve GMA weldability. Alloy F is a high
Co Modification of the base metal to promote self tempering by
raising the Ms temperature. Alloy G offers a strength level inter-
mediate between H and‘I and increased Mo and Aecreased Cr should

provide better toughness.

Filler alloy size: Two wire sizes .O45 and .062 inch diameter were

employed primarily to affect current densities in GMA process.

Pre-Weld Heat Treatment: The 12Ni maraging steel was welded only
in the solution annealed condition; the two quench and temper steels
were tempered at one of three levels between 850 and lOTSOF.

Figures 12 and 13 show the heat treat response of the three steels.

Post-Weld Heat Treatment: The 12Ni steel was given one of three
post weld age treatments, 4, 8, or 12 hours at 9OOOF. The 5Ni and
ONi steels were given one of four post weld treatments: none, temper
weld pass, 2-hour temper at 6OOOF, or a re-temper in accord with the
pre-weld heat treatment. Figure 14 shows a hardness traverse across

a 9Ni-4Co weldment after each heat treatment.

Pre Heat and Interpass Temperature: Two temperatures 150 and 3OOOF

were employed.

Post Heat Hold: The interpass temperature was held for O or 30 min.

after completion of the final pass and then the part allowed to
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naturally alr cool.

Weldor: Two weldors were used one for each shift.
Engineer: Two engineers directed the operation one for each shift.

Shift: The welding was done in two shifts approximately 2/3 on the

day shift and 1/3 on the night shift.

Priority Number: The order in which the panels were to be welded

was determined by a random draw.

Weld Process: The bulk of the effort was placed on one of three
processes, GTA, GMA and GMA (HD) with a lesser effort on GMA (short

arc) and Submerged arc.

Weld Joint: T o joint configurations were used for each process,

one wide and one narrow. Figure 15 illustrates the joint details.

Weld Energy: Four energy levels were used, 10, 20, 30, and 40 kilo-

joules/inch/pass.

Weld Speed: Two relative speeds were used for each heat setting,

a relatively fast and a slow.

Shielding gas: Five gases were employed: Argon, Helium, Helium +

Argon + CO,, Helium + Argon + Oxygen and Argon + 002.

2)

Gas Flow Rates: Two flow rates were used, 40 and 80‘cfh.

Cup to Work Distance: Two separation distances between the torch

cup and the work were used in the GMA p.ocesses .7 and 1.0 inch.

Tip to Work Distance: Two electrode extensions were used in the GMA

processes .5 and .7 inch.
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Filler Wire Feed: Two feed rates for the auxiliary wire were used,

fast and slow.
Cleanliness: Two cleanliness ratings were given, clean and not clean.
Trailer Shield: A trailer shield with Argon gas was or was not used.

Three independent multiple balance plans were constructed, one for each
of the three weld processes under consideration. This breakdown was
selected to reduce the complexity of each plan and because each process had

slight variations which could not be matched.

A typical plan layout is 1llustrated in Table XVIII. It 1s subdivided into
four subgroups; each subgroup contains no more combinations than tests to
be performed. The first has 24 combinations, the second 16, etc. Semple
numbers were selected at random and assigned to a cell of subgroup 1l until.
all were filled. The same sample numbers were then redrawn using & table ‘
of random numbers and assigned to cells in subgroup 1l until these were all
filled. The extra numbers were then assigned in such a manner as to maintain {
balance. This process of drawing numbers continued until all four subgroups :
of each multiple balance plan were filled and all sample numbers had been

assigned.

The welding proceeded according to the plan. Test panels were assigned a
priority number amd pulled from the stack according to lowest priority. Base
metal and filler wire delivery delays forced extensive changes in the originally

planned schedule but the random selection philosophy was maintained.

An example of how the multiple balance plan worked with pre-determined settings
follows: Sample #71 was welded using 10 kilojoules, wide joint, fast speed,
fast feed rate, 40 cfh of A, no trailing shield, well cleaned parts,

9Ni-4Co-.25¢C, 045" dia. "d" filler, 975°F temper, 150°F preheat and interpass

24
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temperature with no hold time after completion of the weld. The variables
of operator and observer vwere not preplanned; the parts were welded as they
came and whichever operator was on duty at the time welded it. The post-

weld heat treatment was selected at random and far #71 was 1 (as-welded).

Prior to welding each test part, a "bead on plate'" weld was made to establish
the specific voltage, current and travel speed to establish s stable weld and
yet have the predicted heat input. A plus or minus 10% variation was allowed
in tke heat input to permit improved weld stebllity but in spite of this,
many of the welds were far from ideal. Very little could be gained from
earlier welds because of the hundreds of combinations available. In general,
wvelding voltages were established within a 2-volt range by the shielding gas,
the amperage by the travel speed range and electrode diameter and the welding
speed was the final adjustment to attain the desired heat input. Minor
variations of each were then made to achieve stability. Once a setting was
established, it was used in the test panel. Further minor variations were
made in the settings if determined necesscry. If gross surface porosity
were encountered, this was ground out and rewelded. Manual repairs were
employed as necessary to complete the weldment. No repair was used on crack-

like defects.

Upon completion of the welding, each panel was radlographed. The films were
then inspected for three distinct defect types, porosity, cré.cks and lack
of fusion. Porosity was rated 1-5 with 1 and 2 being good, 3 fair and 4 and
5 poor. Cracks and lack of fusion were both measured by tle cumulative
total length of weld containing the defect. This was reported as ranging
from O to 9 inches. Visual observations were made and recorded on the log
sheets as the welds were made but the lengths of cracks noted were not
recorded. Additional crack-like defects have been noted on the fracture

surfaces but these have not been correlated.
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Following radiographic imspection those samples considered to be of testable
quality were given the post weld heat treatment and then machined and

tested.

Each of the four evaluation criteria, fracture toughness, cracking, lack

of fusion and porosity, were subjected to analysis by use of scatter plots.

Scatter plots have been made for each process-criterion combination for a
total of 12. These have been condensed into 4 composite plots in Figures 16

through 19, which show the scatter as affected by the major variables.

Porosity
Figure 16 shows the scatter plots based upon porosity; from this diagram it

can be seen that the entire sample had a 39, 22, 16, 13, 15 distribution.

How each of 20 factors affected this distritution 1s shown. The mean is
indicative of relative effects. This chart shows that the most important
factors affecting porosity are the base alloy and welding process. Other
factors having significant influence are welding speed, heat input, filler
size and the shielding gas. In the GMA process the higher heat welds had
more porosity whereas in the GTA process the higher heat welds had less
porosity. The 9 Ni- 4Co consistently had the highest porosity and the 5 Ni
consistently had the least porosity. 'The porosity level of the GTA welds

was considersbly below that of the GMA welds. The 062" dia. electrode
produced less porosity than the O45" dia. by the GMA process but the wire

size had little or no effect on the porosity of the GTA and GMA (HD) processes.
Slow welding speed reduced the porosity level. The effect of the gas composi-
tion appears somewhat erratic and has not been clearly evaluated. All other

factors appear to have a very minor effect on the porosity level of the

weldments.
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Lack of Fusion

Figure 17 is a scatter plot based upon lack of fusion instead of porosity
but only process and alloy are defined. The most important factor is base
alloy with the 12 Ni being the least prone to lack of fusion and the 5 Ni
being most prone to lack of fusion. Other factors affecting fusion include
wire size, speed and joint. The larger diameter wire, slower speed and wider

joint favored the lesser degree of lack of fusion.

Replicate samples did not show a close duplication with respect to lack
of fusion as they did with respect to toughness, porosity end cracking.
Because of the poor duplication, less certainty can be placed on.concluaiona

regarding lack of fusion than on any of the other factors.

Cracking
Figure 18 1s a scatter plot for weld cracking. The most important factors

are alloy and process. The 5 Ni exhibits a much shorter average crack
length than the 9 Ni and 12 Ni. The 9 Ni exhibits a slightly shorter average
crack length than the 12 Ni. Other factors affecting the cracking are:
heat, joint and speed. The higher heat, wider joint and slower speeds promote

less cracking. The GTA process appears to exhibit the best quality.

Toughness
Flgure 19 1s an abbreviated scatter plot for weld toughness showing only

the more important variables. Differences which appear apparent between
processes are a result of confounding between the processes and gases. De-
tailed examination revealed the shielding gases to be the primary factors

and in particular the Op and COp are the ingredients reducing the toughness.

A detalled description as to how the multiple balance data can be analyzed

is contained in Reference 4. A brief description follows:
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Once the scatter plot is drawn, a visual check shows which factor or factors
are most important. The means of each column of the most important factor
are determined am the differences subtracted out, e.g., the mean toughness
of 5 Ni is 168+, for 9 N1 125 and for 12 Ni 120. Consequently, every sample
of 5 Ni 1s adjusted by adding -43 and every sample.of 12 N1 1s adjusted by
adding +5. After the adjustment 1s masde, the data 1s agein plotted and
again checked for main effecte. Gas and filler wire are then found to be
important. After these three factors are corrected, the original scatter

of 130 KSI is reduced to 65, allowing analysis of the other variables.

The analysis of the multiple balance ﬁlans was carried only so far as to
insure proper selection of an alloy to be carried into the factorial optimi-
zation plan wherein only one alloy will receilve process optimization. This
alloy selection has been made although the twe alloys 9Ni and 12 Ni are
nearly equal in all respects. A detalled comparison between slloys is con-
tained in Figures 20 through 22. These bar charts serve to show the similari-
ties and differences of the three alloys investigated to the exclusion of
the other factors and summarize the data previously presented by the scatter

plots.

Figure 20 compares the alloy and welding process in terms of porosity and

lack of fuslon. The superiority of the 12 Ni is the result of its increased
fluidity with respect to the other two alloys. The 5 Ni has the least porosity
becsuse 1t is the only one of the three alloys with sufficient scavengers

Mn and S1 to be effective in GMA welding.

The GTA process offers a much greater latitude of useful welding conditions;
consequently better overall weld quality was attained. The extra instability

added to the GMA process by the cold wire addition caused the GMA (HD) process
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to have the highest porosity level of the three processes. The reason

is partly due to operation in non-ideal ranges.

Figure 21 compares the average crack length for each alloy and process by
X-ray inspection. The obvious superilority of 5 Ni is apparent. The low
average crack length in the GTA process is partly attributable to the low
metal bulld-up per pass. All GTA panels of 9 Ni and 12 Ni had cracks in
the root passes but subsequent passes were able to either melt them out
or close the cracks so tightly as to be undetectable by X-ray. The degree
of excess penetration was less in the GMA processes so fewer cracks were
healed. The addition of a second filler supply to the weld puddle in the
GMA (HD) process supplies a sufficient amount of strength to the hot weld

to cause a substantial reduction in cracking.

The cracking frequency as determined by unaided visual inspection shows the
relative crack susceptibility of tne taree alloys under normal welding condi-
tions rather than by an artificial "bead-on-plate” test. The 5 Ni is far
less susceptible to cracking, the 12 Ni is most susceptiblé to cracking and

the 9 Ni has an intermediate susceptibility.

Figure 22 compares the alloys and processes in terms of weld toughness.

Very little difference is noted between the 9 Ni and 12 Ni but the 5 Ni is
significantly toughest. The low _tcughness of the 12 Ni in the GMA (HD) process
is due to a confounding of process and shielding gas. No significant
difference in toughness was noted between the GMA and GMA (HD) processes.

The GTA process did produce tougher welds by a small margin but most of

the apparent differences are due to the effect of the shielding gases. Oxygen

and CO2 are detrimental to the weld toughness.
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Teble XIX illustrates the weld toughness in a matrix of the more important

variables. Replicate results are indicated by toughness numbers connected

with a hyphen. The excellent reproducibility is indicative that all signi-

t
{

ficant variables have been considered. The specimen size was too small for

th: 5 N1 to ensure elastic fracture; therefore, all the numbers followed by
a + ére conservative. One sample was & single edge notch configuration

which is capable of measurixig higher toughnesses for a given specimen cross-
section than the surface notch configuration. This specimen recorded’a K¢

of 203 KSI VIN with general yielding so the value is conservative.

The one 12 Ni Kyc value of lol KS1 VIN is felt to be unconservative because

of a weld defect located laterally from the fatigue crack.

Table XX lists typical welding rates employed in the Multiple Balance Study.
The conditl ons selected for listing in this table were selected at random;

no particular pattern was followed.

Table XXI lists the factors which were found to be important and the direction

in which they affected the four ctiteria: porosity, lack of fusion, crack

susceptibllity and fracture toughness.

2. Material Selection
The weld data generated from the 623A materials tests and the alternate mater- |
lal tests have been compiled in Table XXII in a msnner which reflects the
phiiosophies expressed earlier in the background discussion and, by using

consistent design factors, in a manner allowing direct comparisons.

For yleld strengths noted shell gages are shown for 260 and 156 inch cases
operating at fixed design factors. Critical flaw sizes at proof for each

of the cases are also calculated using the same design factors. By comparing
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the eritical flaw size* with the design thicknesses, an estimate of
fallure mode can be made. It is seen that only the 5 Ni alloy approaches
a "leak-before-failure" mode in the 260 inch case. Also, the 5 Ni, 9 Ni,

and 12 Ni alloys approach this condition in the 156 inch case.

It was noted earlier that insufficient systems data 1s avallable to suggest
the use of 5 N1 in the smaller cases. Since present Air Force interest lies

primarily in the smaller boosters 5 N1 has been dropped from further study

in this program.

Though from a case performance standpoint (i.e., strength am toughness) both
the 9 Ni and 12 Ni alloys appear worthy of additional investigation program
funds require elimination of one of them. The overail difference in behavioral
characteristics that were observed in this program were minor. At this time

it is not possible to make an irrevocable choice. Final choice of the 9 Ki

alloy was based on the observation that the alloy was slightly less susceptible

to weld cracking.

* Note that flaw sizes are noted in terms of (a/Q), and by assuming unfavorable

flaw shape (Q = 1), surface flaw depth in inches in equal to (a/Q).
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CONCLUSIONS

l.

2,

From the test results of panels produced by 623A contractors,
minimum Kyo values for 18 N1 (200) GTA, 18 Ri (250) - Submerged
Arc, and 18 Ni (250) GTA weldments are believed to be 11C. 55,
and 60 KST JTE; respectively. When considering primery design
stresses only, these values yleld allowable flaw sizes, (a/Q)1,

in the order of .14, .02, and .05 respectively.

Analyses of the effects of weldment mismatch in bulkheads indicate
that allowable flaw sizes can be reduced by as much as fifty percent

as a result of drawing tolerance deviations.

Residual stresses and suberitical flaw growth do not appear to
be significant problems .for the expected service requirements of

the existing 623A case materials and processes.

The 5 N1 quench and temper steel shows extremely attractive pro-
perties and processing characteristics for 260 inch case application.
Its usefulness on smaller first stage cases has not been assessed

from a vehicle economics standpoint.

Both the 9 Ni and 12 Ni alloys show promise for use on the 156-inch

cases.
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TABLE T

MATER1ALS INVESTIGATED

Screening Tests on AF33(615)-1623

(Boelng Independent Research and)

QUENCH & TEMPERED STEELS

Republic HP-150 (Vac Melt)

[3Ni-1.4Cr - .9Mo - .11Mn - .26 C

USS HY-150 (Alr Melt .
B Ni-.4Cr-.4Mo-.25Mn - .13C)

Republic 9 Ni - 4 Co - .20C (Vac Melt)
[8.5Ni-4Co-.45Cr - .4 Mo - .25 Mn - .26C]

Ladish D6A (Air Melt)

Ladish D6AC (Vac. Meld)

MARAGING STEELS

12 Ni - 5 Cr - 3 Mo (150) (Air Melt)
12 Ni - 5 Cr - 3 Mo (180) (Vac Melt
18 Ni (180) (Air Melt

18 Ni (180} (Vac Meld)

18 Ni (200) (Air Melt
18 Ni (200) (Vac Melt
18 Ni (250) (Air Melt
18 Ni (250) (Vac Melt)

18 Ni (300) (Vac Mell)

56

Tempered
or
Aged
Condition

1015%
1125%

400°F

800°F
10359
101ng
1050°F
1085°F
101ng
1050°F

1085%F

900°F, 3 Hrs
900°F, 3 Hrs
900°F, I Hrs

900°F, 3 Hrs
900°F, 6 Hrs

900°F, 3 Hrs
900°F, 3 Hrs
900°F, 3 Hrs
900°F, 3 Hrs
825%F, 3 Hrs

900°F, 3 Hrs
975%, 3 Hrs

Typical
Yield

Strengtn

__Ksl

157
144

193
189
185
203
198
196
205

19

150
22
193

162
169

22
21
248
268
236

261
251
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TABLE IT

80" THICK
/8 Mi (200) GTA

Ty ~ <7 Kre ~ KS1fTn,
~ | B8] Bz 137+
6 |M2 — /91 *
3 | & _

& 29

B.M.(2) 227 )S& .

(1) AGED @ SO0, 8 HOURS
(2) AGED @ OO, 4 HOURS

S7
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TABLE TIL
40" THICK
18N (200)GTA

'c{y ~ KS/ K ~ KY/IM
¢ | //¢
Q 225"
g HAZ /133
B. M. 232 )42

(1) AGED @ SO0 F, 8 HOURS
(2) AGED @ POOF, # HOURS
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TABLE NV
75 THICK

I8N, (250) SUB-ARC

Fy, ~ KS/ - Kp ~Ksl,/IN
gues | Gynes | 4Hes | 6y MRS
)
ol £ | 184 | 23 2 | (-
Q (=3
ut ¢
&M | 250 | - %.5 | —

() VST PASS S/IOF

(2) 2 PASS s1DE

} SURFACE FLAWED
(3) ROUND NOTCHED BAR — ECCENTRIKC
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TABLE ¥
A48 " THICK
18 Ni (260) suB-ARC ()

ﬁY"’ KS/ Kre ~ Ks//IN. |
4 HRS Gl HRS | 4 HRS | 6/ HES 3
St | 198 | 226 | 83 | 57
Q
~1
T _— _— —
3 |HAZ 93
B.M. 260 ~ 86 —

(\) AGED@) 83§ °F, 7/MMES NOTED
(2) SURFACE FLAWS , 2™ PASS S/DF

e
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TA%LE I
39 TH/ICK
18 Me(260) GTAY
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| £ ~ksr Ko ~ KSITT
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TABLE YII
39" 7xrck

18Miz50) G
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€y~km'

K ~KSH/ IN.

w1

w2

2 |

a |
§ [z

#y | #Z

238 1239

83
76

- 63

&6

/08 ?

Y6 ?

8. M.
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TABLE YIIL
ALLOWABLE FLAW SIZE

COMPAR\SON

“/a) ;f SURFACE FLAW

SHELL

HEAD

THICKNESY PR

® &Jnmi(ﬁ)
(N)

(W)

Kst)

kS TR

()

m\cmcs;I PR
2t

(kst)

Ky (o) ),

Kst [N

4 1

(N)

260" CASE
I8Ns (200)
GTA

060

165

30

147

34

145

1O

A6

2607CASE
18N4 (250)
SLB-ARC

TR

{73

S5

024

04'7

133

SS |

156" CASE
'8N (250)
GTA

A7
 (TwoxaL) |

162

1S

0SI|.

127 |

75

083

053)|

By et skl

2
* @) = Gh)., @ Proorx .90 = (Z-f,‘;w, X.90

6>
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TABLE IX

ALLOWNBLE FLMW SIZE
260" CASE, 18 Ni(200) GTA

(@), = ALOWABLE, INTIN. S1Ze®

(wmewea)
SHELL (3 WERD (@
Ke 130 ErleAT|K 110 Gzl4S 3]
MEMBRANE 0.147 0.136
RING
ML — 0.6
5% ANGULAR ()
7o ANGULN one 0.105
1 9% ANGULAR (2)
MISMATCH — 0.07\
AT Y- RING

(1) FLAWS NORMAL TO HOOP STRESS
EXCEPT AS NOTED

(2) FLAWS NORMAL TO LONGITUDINRL STRESS
(3) @ 760 psig PROOF

b4



¢ b et — ] _— [ ——— Tm———

by rmiimey
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TABLE X

ALLOWABLE FLAW SIZE
260" CASE, I8 N:i(250) SUB-MREC

(@), = ALOWABLE INITIN. S1Ze™

(mewEn)
SHELL () HERD (3
Kis SS G,11729| K =S5 Gp3i33ll |
MEMBRANE 0.024 0.04-0
R\ 4
YRS 0| — 0.027%®
S% ANGULAR ()
MISMATCH 0.0\18 0.032

(1) FLANWS NORMAL TO HOOP STRESS
EXCEPT AS NOTED

(2) FLAWS NORMAL TO LONGITUDWRL STRESS
(3) @ 960 ps\g PROOF

65




e

TABLE X1

ALLOWABLE FLAW SIZE
156"CASE , I8 Ni(250) GTA

(@), = ALoWRBLE INTINL S1ze®)

MISMATCH

(wemes)
SHELL @ MHERD (3
K= TS 6,162 K;;-_‘zg C=121.0
MEMBRANE 05l
W g 0.05 0.0R3
Y-R\WNG  TO — 0. 035(21
HERD 2
0.05%
5% ANGU\-RR 0.04_\ o.o 4'6(13

(1) FLANS NORMAL TO HOOP STRESS
EXCEPT RS NOTED

(2) FLANS NORMAL TO LONGITUDINRL STRESS

(3) @ 985 psiq PROOF
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fomend | vemnd

iﬂ“

DSURFACE FLAN SPeCIMEWS

HEAT NUMBER. FRTGUES CK € S\ON C
SPECIMEN |B= BRZE MW ‘ SPECIMEN TIGQUE CRACK EXRTENS\O CRA

NUMBER. W= WELD WIRE . [MAaxMUM | sTRESS | TOTAL
PLATE [WELD THCIONESS] WIDTH GROSS. TesT TENS‘ON FA- RATO NUMBEE kEN(\N DEV
WIRE [~IN.  |~IN. ':‘RE:\ TEXP [NGuE STRES| MIN/may [OF OKE| ~ N, | ~ 1
SFL-1| 3 Xi4332] - log |3005 (2065 | RT 28 .06 nhs,000 |1.OY |.40
SFL-3 B " - Lozl |5005|Sil0 I 27 .06 18,000 2.13 |.49¢
SFL-4 B " - LOI9 | 5.005|5.100 " 27 .06 16,000 2.1 + 5O
SYW — 4 w X14332/R9376| .907 |[4.000 |3.628 | RT 27 0k 6,000 | 214 (.39
<Fw-2 w oo 702 |3007 | 2.0 | 30 .07 6,000 | LO7 | .32
SFW- | w " v [L,704 {3.004 | 2118 h 30 .07 5,000 |LoY |.z%9

TENSILE SPEQNENS
oo GRAIN ‘
SPECIMEN [B=BASE METRL [HERT NUMBER | SAGE — | TEST DIRGL TEST |LLTIMATE MELD % ¥
. ‘ W | AREA JIRECTION | TemP | STRENGTH | STRENGTH |

NOMBER. (W=WELD WIRE | oy aTE V\Lm ~in | ATMOSAHERE _\‘._:::::\‘):z:\ o ~kSl\ { ks Q.5
TFL-| B Xi4332 | — |l.o198 |.si102 AIR L RT 147.3 143.0 —
TFL-2 8 w —  Noia¢ |.5084 " L “ 147.1 143,§ —
TFL-3 B " —_ Lollo |.5038 " L l 148.00 144.5 5¢
TFwW-3 w X14332 [R9I376 | .9975 |.4994 AR — RT 149.7 138.7 62
TFW~2Z w " t 1.0068 |.505I " —_ i 148.0 139.3 62
TFw- | LY e ! 1.o062 |.5044 " . " 148.2 140.3 6!




DURFACLE FLMN SPECIMENS

SPeECIMEN FATIGUE CRALK EXTENSON CRACK GQEOMETRY SUSTAMNED  WOADING FRACTY
| AMMUM | STRESS | TOTAL| LENGTH | DEPTM N - S
Q| WIDTH | GROSS | TEST HEnaon FA-| Rhmo. | Nomeke|\ENGTM [DEPTH (rree g&m‘;&g‘&hmmmcﬁﬁi\:g PR s |
P s s X : ;
N, |~IN. ffib TEF T\Gg_ﬁ(::‘rmsss MIN/MAX [OF | ~ IN. |~ I [ LOADING) sTRSTs STRESS Zopgg
2 |2005 |3065 | RT 23 .0b 15,000 [1.0Y |.40) — — — —_ — MR
2l | 5005 |S110 h 27 -06 18,000[2.13  |.495 — — | — L — "
19 |5.005|5.100 " 27 .06 16,000 | 2.11 ,500 | 2.1\ . 8500 —_ 110.2 ).O "
7 4000 |3.628 | RT 27 Y- 6,000 | 214 |.397 — — 4 — — INLIRE
2. 3007 |2 MO | 30 .07 6,000 | .07 |.325 |l.o7 |.32§5 | & Wi 2.0 "
d [3.00% | 2.11S " 3o -07 5,000 |loy |.296 — | T 14 — - S
TENSILE SPEQNMENS
GE GRAWN | teer |uemimaTe | MELD ELONGATION REDUC
— JEST DIRGCT oM g 2 PR INDICATED L TON
R | AREPA i TEMP | STRENGETH | STRENGTH IN AR
N, |~ N> ATMOSPHERE ;:L:::SY\::(:\ OF kaS; —~ KSt 0.50 | .OO |R.00 o e
198 |.s102 AIR L RT 147.3 143.0 — 4y 26 43
186G |.S084 " L " 147, 143.1 — 44 27 24
o |.soae " L u 148.0 1414.5 58 45 25 53
375 | .4994 AR — RT 149.7 138.7 6z 42 | 29 6/
068 |.505! " — u 148.0 139.3 62 9z 2§ 63
062 [.5044 " —_ u 148.2 140.3 8 42 25 6z
<S¢




CRACK GEOMETRY SUSTRINED WOADING | FRACTURE TEST TO FAWLURE IN STATIC TENSION

LENGTH | DEPTM GROSS ARen| Timg O | TesT [QROSS [NET YIELO K INDICATS

NGTM |DEPTH |(Mrrer |(AFTER | FLAW | TEST TG (Co™| SOomnen (Mimosmhen o asl Sreioss | (@eem o] OW Te ~ kg o
N STRES N STRETY~ (erseD on q \

N, |~ i [l T I st T | sRess g ST e R L
oY }.401 — — —_ — —_ —_— MR [134.3 | 1505 | 1430 1.05 |26 | — |124.2
I3 |495 | — — | — | — — | — v 1303 [155,6 [143.0 ] 109 [399 | — [1s9.8
i |,s00 |21t 1.800 | — |Ne&Q 1Ho.2 .o wo [129.0 | 154.0| 1430 | l.og | 298| — |is8.0
Y 1.397 — < - —_ —_— AR [126.0 [154.3 |199.8 | 11O |35 | — 144.0
57 | .325 |l.07 325 | & NoCl W3 2.0 " 132.7 |152.4 |139.€ | 108 [z24 | — |19

T — p— — )
W .296 <. —_— —_ —_— " 135.6 [1S3.] 1398 | .10 218 121.8 \

i
|
ELONGATION N
o % PER. INDICATED L Rbbuclwu
™ foso ] oo Jz.oo | SRE
o — 44 26 ¢S
| — 44 27 4%
S 58 q¢ s 59 x
7 (44 42 29 6/
5 62 qz 2§ o3
5 8 q2 25 6z
TABLE XIT
SCREENING TEST DATAC
ALLOY ! HY-\S0

MELT PRACT\CE: BUR MELT i

7 . }



T o

DURFRALE FLRMWN SPECMENS

— _ _
CPECIMEN |B+ BASE. METAL HERT NOMBER | opeciMEN FATIGUE CRACK EXTENS\ON CRACK
NUMBER. W= WELD WiRe PLATE |weLo [THOKNESS WIDTH | GROSS | TEST TENGON FA- | Bnomes :\?Jge; LENGTMIDEPTH

WIRE | ~W. | N ':RFN': TE;\P- TIGUE STRESS| MIN/mAy |OF CKUE| ~in. | ~ i

* H-4o0 8 »sos24| — | 754 | 3.00 [z262 | RT 60.0 .06 3600 1.8755% | 2701

A H“-800 8 u -— | .760 300 |z2280 " 50.0 .06 6,200 [ @95 |.301

#H-103S 8 " — lro38 |702 |52 | 4s.0 .06 5,000 [1.095 |.33¢

* scw-3 w 3930786|7988650| . 700 [2.5/5 |1.776 | RT 220 .09 18000 ,790 |.208

#* scw-2 w u " 200 12.999 (2,132 | 270 -08 17,000 ] .820 [.220

SCwW — | W " " L2l (3.000 [za3y [ v 7.0 .08 13,000 | .785 [.200

# SPECIMENS NOTED MEET REF (1) TENTATIVE REQUIREMENTS
[ T™MICKNESS OF RECTANGULAR SPECIMEN
[Z= ALL WELOMENTS LEFT "AS DEPOSITED" ON PLATE

ORIGINALLY TEMPERED AT \O3S°F
TENSILE SPEQNMENS

= HERT NUMBER : GRAIN | e lULTIMATE MELD EL_

Moo v e TR D | AR T e | SIEETM T | STREMam | sman [0
T - ) 2330786 — 2486 |.0485 AIR L RT | 1967 187.4 —
TCL-2 ] " — |.2489 |.0487 " w \ 193.7 1853 —
TCL-3 3 u — 2494 |.0489 u L " 195.5 184.6 26
H-9 8 u —  lesii .3076 “ w N 194.4 186.9 56
-0 B w —_ _5|49D LBl " C " 192.9 185 6o
T W-3 w 3930786 |3988659.2502 |, 0492 AR RT 191.0 168.4 b
Tew-2 W " “ 2998 |.ow90 " — u (94.2 173.4 —
TCW-1 w v 2496 |, 0483 " — " 194.3 | 174.| -

/




DURFACE FLMN SPECMENS

SPECM EN FRATIGUE CRALK EXTENS\ON CRACK GEOMETRY SUSTAINED LOADING FRACTY
o wiomw [sross [TEsT [RAROIEY. | TESE | IO evam e [(irren ((Tee | pLaw fresT [SR056 amea as oe | et
N | o | RRER[TEMP IMeue STRES| Min/pmax [OF ORE| ~in | iw [See m‘;“n‘“:;’\m‘“m*m”” TTRSTS | STRES g '
4 | .00 {2261 | RT 60.0 .06 3600 [,8755 | 2701 — — — - — — AR
0 300 |zz80 | " 50.0 .06 6,200 [ .g95 |.301 | — — — | = — = "
3@ | .02 |3132 " 4s.0 .06 5,000 |1.095 |.33¢ — —_ — | — — — \
¢ (2.505 |1.776 | RT 270 .09 18000 | ,790 |[.208 — | - + — — -~ AR
[ 12.999 |2.132 | z27.0 .08 17,000|.820 |.220 |.830 |.254 | ¢ |NaCl | 160.3 .o W
| |3.00f (2434 | % | 710 .08 13,000| .785 [-200 — | — < it - — "
ITATIVE REQUIREMENTS
CINMUEN
T ITED“ ON PLATE
SofF

TENSILE SPEQINMENS
n | arEs | JEST Dl?zﬁg\"\gu .‘Téﬂ; g;:;\‘sztm < é&l‘g 2% DE“:O\:(“;?;T‘E%NL  REDUCTION| TEMPERING
v | AR e oane] % |~ KS) e oso] oo [zoo [N SREN | TERreRAREG—,
86 |.O48% AR - RRT 196.7 187.4 - 18 - 62 1038
39 0487 " w \ 193.7 18S.3 - \2 - 63 1035
5y |,0489 s w i 195.5 184.6 26 \S — by 1035
1> .3076 W \. . | 1944 186.9 56 | 37 2| X 1035
>3 “ C w1929 1858 | 60 | 37 | 22 (39 |lo3s
oz |.0492 AR — RT 191.0 168.4 A 4 _ 4 (POROSITY OBSERVED ON FRAC
98 |.o490 " — u 194.2 173.4 — (A - ¥4
9 |0489 | 1 — ' 194.3 174. | - le - 6l




© et asdien

CRACK GEOMETRY SUSTRINED LOADING FRACTURE TEST TO FAILURE N STARTIC TENSION _ |
LENGTH | DEPTM ‘ <S AREA ‘ TEST |GROSS |NET  [YVIELD W INDiceTsD] TEMPER, i
o™ | DEPTH (AFTE:‘D g&m‘s"&g‘& Aﬁ;‘miﬁ‘lmné -s‘-\\);“\\'Emg eried :{R?i;&v it N, | Y Te~ ke o TEMPERA.
SUSTRY TEM s .
N [~ ™ loaning )|LOMDING ) STRERS | STRESS e [TEes | | K& | sy | °F > |
5S |.2701 — —_ — - — —_— AR | 130.5 1 1492.3 | 192.7 |.739 L1723 110.8 | — 400
5 |.30l — — - - — — w1642 [182.3 | 189.1 |.90Y [isss[1383| — [80O
S |.33¢ | — | — — | — — — v ] 79.3 11925 | 1851 [1.oe? L2sto] — lie22 [103S
i t
o |.208 — 1 - < — — - AR | 168.8 | 1820 |V73.7 | 1LOS |us9| — [130.2{ j
.0 |.220 [.830 |.254 | ¢ [NaCl 160.3 1.o " ter.y4 | 1812 [173.7 | V.04 |74 — [13S5.3
s 200 | — | — | ¢ — - - w1208 [182.5]173.7 [1.08 [rs2] — [i3e2 )
I
]
ELONGATION _
,m % PER INDICATED L. REDUCTION| TEMPERING
" {o.so] oo [zoo |'N GFES | TIRPERATRE—,
— 18 — Y4 lo3as
— \2 - 63 1035
26 15 — 64 1035
56 37 [4] 2 1035
: o | 37 22 (3.9 [lo03s
A q - — 4 (POROSITY OBSERVED ON FRACTURE SURFACED)
- e = eZ
- 1 - 6l
TABLE XX |

SCREENING TEST DATA

ALLOY :

t

MELT PRBCT\CE: VACUUM MELT " ‘ ‘
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R Y |

DURFALE FLAN SPECUMENS

HEAT NLUMBER. FATIGUS CRMC 3 S\ON ¢
SPECIMEN |B= BRSE W SPECMEN NGV C.. K EXTENS\O CRA
NUMBER [W= WELD WIRE | AMMUM | STRESS | TOTAL
PLATE [weLs [THONES WIDTH i\?é)e’s: ‘T"ész\; TNt\-:ﬁs\oN FA-| RATO  [Numeer|\ENGT|DEF
' WIRE ~ N Rep of | [TGUE STRES| MiN/mAy [OF OR[N, | IN
¥oEL -1 =) 5339 — 1.054 [3.001 |3.163 | RT 27.0 .06 5000 | 1.07 |.36
FSEL-2 ) b — | 1.054 {3.008 |3.170 M 271.0 06 10,000 | 1.05 |. 38
£SEL-IS B X15216| — | 1.460 3990 |S.830 | 28.0 .06 1,000 | I.S1 |.S2
¥ SeWLl- o w X15339 [T39¢35| .9¢1 [3.012 [2.895 | RT 29.4 .06 6,000 | .05 |.s3:
* SEwl- § w w " .984 |01l 2963 “ 29.4 .06 5000 | 104 |-3¢
* SEWI-4 w " " 969 |3.004 [2.911 W 29.4 .06 5,000 | .oy |.3?
SEwW-3 w " R9517|.7213 |[3.01l |2 147 " 27.0 .08 6,000 | .07 |.3%
SEW-2 w i\ " .704 [3.002 [2.113 " 27.0 .08 6000 | o7 | s
SEW — | w " " .708 [2.993 [2119 " 220 -08 6000 | 1.LOB |.s:
K SPECIMENS NOTED MEET REF (1) TENTATWE REQUIREMENTS
TENSILE SPEQNENS
- AR - O] TEMP | STRENMG™ | STRENGTH [
NOMBER. (WoWEL RS | punre WS [ in, e | AR [ vene] F | ~ ksl | ~KSL | O
TEL-I =) NEBB9 | —  1299¢ | ovas AR L RT 207.2 202.4
TEL-2 8 " — |.2493 |o4Bs " L u . 207.7 202.8
TEL-3 B8 u —  |.2490 [.0487 o L " 208.2 203.0 !
TEWL-S w X15339 [T39635|,.2482 |.0484 AR — RT 194.2 191.4
TEWI- 4 w ] m 2493 |.oy88 v —_— " 194.2 189.9
TEW-2Z w w_ |R9SI7|.2495 |.0u89 . — " 193.¢ 19s.1
TEw- | w " e .2495 |.o0489 " —_ ") - 2004 196.9

e

e——



DURFRLCE FLARW SPECIMENS

SPECMEN FRNIGUE CRACK ERTENSWON CRACK GEOMETRY SUSTAINED LOADING FRAC
AMUM | STRESS | TOTAL LENGTH | DEPTH 0SS AREA  TEST
HICKNESS| WIDTH | GROSS. | TEST W:S\ON FA-| RATG  |NumBeR| ENGTHIDEPTH ('L\;"NE&D é&ﬁ;&g‘&hﬁgmﬁsmm; s:\.x?rimgg KvosPie
[ A\ ~ A . S

IN IN. '\&Eg TSF L TIGUE STRES| MIN/mAy [OF OXLES| (N, IN. L AnNG 5| LOADING) STRESS | STRESS g
1.054 {3001 [3.163 | RT 27.0 .06 5000 | 1.07 |.365 —_— — —_— NaCl 152.2 1.0 AR
1.0oS4 |3.008 |3.170 i 27.0 .06 10,000 | 1.05 | 385 - - - — —_ —_ w
.40 12990 |5.830 | 28.0 .06 1Lo0O | LS [.528 | — —_ — - o — "
9! 3012 12895 | RT 29.4 .06 6000 | 105 |.350 | — | — Hag | —_ — AR
984 [B.oll |2.963 w“ 29.4 .06 5000 |1.04 |.325 | lLo4 |.355 | 4 NeCl 143.7 3 "
99 [3.004 |2.91I " 29.4 .06 5,000 | l.o4 |.333 —_ | — 4 - — - "
713 [3.01L [2.147 " 27.0 .08 6,000 | 1.07 |.330 — — — — —_ "
704 [3.002 [2.113 u 27.0 .08 6000 [lo7 | . 340 [ 108 |.364 | & [NuCI S8 1.0 w
708 12.993 | 2119 " 270 .08 6000 | 1.OB |.830 — - | ¢ — - ~ W
ITATIVE REQUIREMENTS

TENSILE SPEQNMENS
W~ ELONGATON _

o | aes| TEST |oigsomon | TET, |USIRATE | MBS | [ 4B o 1| REBUCTION

g - - | . Q) (-~
S | | ATMOSMERE e oF —~ KSI ~ KSL 0.50 | LOO | R.00 P
494 |.ove8 AR L RT 2o07.2 202.4 — 3 — 49
1493 o488 " L “ 207.7 202.8 — 3 - 4%
1490 [.0487 ! L il 2082 203.0 e 10 - s\
482 |.o484 AR — RT 194.2 191.4 — 9 — 42
498 |.0488 M - " 194,2 189.9 - 8 — 44
495 |.o489 " —_ " 199.6 195.1 — 9 — 26

495 - |.0489 v _ “ - 2004 196.9 _— ¢ —_ 18




CRACK GeOMETRY SUSTRINED LWORADING FRACTURE TEST TD FAWURE (N STBTIC TENSIOM
LENGTY | DEPTM [ GROSS ArER| MMt O | Test [GROSS |NET O (YEwo K _ [INDIcaTeo

INGTH|DEPTH |(AFTeR |(AFTER | FLAW TFEJ SUSTAINED | SUSTIINGD  [KHoseierd o s+ s |(aanon] S Te~ Ky o
O e o e s Y - -~ Bl KAl i e
07 |.365 — — —  |Nac! 152.2 | We) AR [180.¢ [200.0 |202.C| -99 |.227[1670| —
0S5 |.385 — — — — —_ _— " 179.0 [ 199.0 |202.6 | 98 |224|164.2]| —
S |.§25 — — - - - — " 166.5 | 186.01192.7 | .96 |.aiglisz4 | —
o5 |[.350 | — — HAE& — —_— — AWR [179.5 | 199.5 { 190.6 | .05 |.224] — (1652
o4 |.325 | Lo4 |.355 | 4 Ne.C} 143.7 .S l 187.0 {2023 | 190.6]| t.09 |228] — |I72.0
o4 |.333 — | - ¢ — — — " 1881 [2072.5|190.6| 1.09 [223| — |172.7
07 [.330 —_ — g - — — " 7.0 8l.s | 1960 .42 |.203]| 621 —
o7 |.340 | 108 |.364| & |[NoC! S7.8 1.0 W 822 | 970 |196.0| .49 |2i2| 735 | —
08 |.330 — - ¢ — — - 1 864 |99.6 |1960|.51 |209 7%.7 | —

ELONGATION _
E % PER_INDICATED L REDUCTION
T oso ] voo .00 |'N SFES
q — \3 - 49
S — 3 —_ 4%
o] (§=Y 10 —_ s\

—_ ) - 42
' —~ | 8 - 44

— S — 26
' — ¢ — 18

TABLE XIV

SCREEMING TEST DATA
ALLOY : \2Ni- 5Cr-3Mo (180)

MELT PRARCT\CE:

MR MELT
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TABLE XV

LIST OF PROCESS VARIABLES CONTROLLED IN MULTIPLE BALANCE EXPERIMENT

1.

2.

1.

Base Alloy

Filler Alloy

Filler Alloy Size

Pre-Weld Heat Treatment

Post-Weld Heat Treatment

Pre-Heat and Interpass Temperature
Post Heat Hold

Weldor

Engineer

Shift

Priority

70

Weld Process

Joint Configuration
Energy

Speed

Shielding Gas

Gas Flow Rate
Cap-Work Distance
Tip-Work Distance
Filler Feed Rate
Cleanliness

Trailler Shield

et
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TABLE XVII

PROCESSING HISTORY OF ALTERNATE MATERIALS

5Ni=-Cr-Mo=-V

Supplier: United States Steel Corporation

Melting Practice: Air Melt - Electric furnace - Lime Alumina Slag
Heat No,: X=53%957 Size: 80 ton

Ingot Size: 32" x 60" Hot Rolled 2000° finish at 1900°F

Rolling Ratio 1.8/1.0 (L.T.)

Austenitized 1500° 1% hrs. Water Quenched

Tempered 1% hrs. at 875-1075° Air Cooled

9Ni-4Co0-.25C

Supplier: Republic Steel Corporation

Melting Practice: Vacuum Arc Remelt-Carbon De-Ox.

Air Melt Heat No.: 3311846 Size: 90 ton

VAR. Heat No.: 3930960 Size: 5 ton

Ingot Size: 24" Dia. Press Forged from 24" RD to 18" x 4"
Hot Rolled 1750° finish at 1500°F

Annealed 1125° 3 hrs. Air Cooled

Austenitized 1550° 1 hr. Oil Quenched

Tempered 2 hrs., + 2 hrs. at 900-1050° Air Cooled

12Ni-5Cr-3Mo

Supplier: United States Steel Corporation

Melting Practice: Air Melt Electric Furnace - Lime Alumina Slag
Heat No.: X-10058 Size: 20 ton

Ingot size 29" x 54" Hot Rolled 2000° finish 1800°F

Rolling Ratio 2.4/1.0 (L.T.)

Annealed 1500° 1 hr. Water Quenched

Aged 4-12 hrs. at 900°

12
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£ 7
B
by
3 % 10 20 30
Be =1 N v N W N W
' S] 93 | 77 2% | 84*| 89| 81
S Pl 3] 26] 72| 850 7291 75
p LSl 91| 82) 81 92] 8] 9|
Fl 268* »n ] ou*| 86| 82] 88
9 e
s o
8 5
—
a g ‘ A He Gas
& o] s | 8o 40 | 80 | Gas Flow
A f71-94] 84 l79-92| 72
No 1p | 87 ;75-93] 83 [81-9
A | 80 [85-91] 77 |73-86
Yes 3
B |88-89| 74 178-82] 76
b
Q
—~
4 8
RS
Y
54k
AR HY 150 HP 9-4 12Ni(180)
‘(a()(do 90-94* 71 86
Lg) v 77 82 79-89
23lo | 80-93 72 81
Mo+ 76 73 75-78
(gi)gfo 87 84-88" 85
H {+] 91 24-83 92
H
U)
o >
» WA
o &
Ay
~ d
t 8
Ay AeE L ~ M H
0] 80-90 71 -94* 78-83'
150 1451 8591 7382 81-92
*
300 0 84-93 22-77 74-75
‘ 30]  79-89 86-87 26-88

Weld Heat
Weld Joint

Base Metal

Prior H.T. Cond.

TABLE XVITT Work Sheet for Multiple Balance Design Experiment
Gas-Tungsten-Arc (GTA) Weld Process
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#Denotes Location of Replicate Samples
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l.

21.

22.

FACTOR

Alloy

Filler

Wire size

Temper Condition
Post weld temper
Pre-heat

Post heat hold
Welder

Engineer

Shift

VOrder

Process
Joint
Energy
Speed

Gas

Gas flow
Cup-~work
Tip-work
Filler feed
Cleanliness

Trailer shield

TABLE XXI

SUMMARY OF MULTIPLE BALANCE EXPERIMENT

POROSITY
Strong
Minor
Moderate
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Strong
Minor
Moderate
Moderate
Moderete
Minor
Minor
Minor
Moderate
Minor

Minor

EFFECT ON:

76

FUSION
Strong
Minor
Moderate
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Moderate
Minor
Moderate
Moderate
Minor
Minor
Minor
Minor
Minor

Minor

CRACKING
Strong
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Moderate
Moderate
Moderate
Moderate
Minor
Minor
Minor
Moderate
Minor
Minor

Minor

TOUGHNESS

Strong
Minor
Minor
Strong
Strong
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Moderate
Minor
Strong
Minor
Minor
Minot
Minor
Minor

Minor
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ANALYSIS OF SECONDARY STRESSES
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Internal Pressure

Wall Thickness

Radius of Vessel

Circunferential Bending Moment

Meridional Bending Moment

Circumferential Force
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Circumferential Flew Size Correction Factor
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ANALYSIS OF SECONDARY STRESSES

1. TINTRODUCTION

1.1 Significance of Problem

1.2

The welding of large motor casings can introduce both gemmetric discon-
tinuities and embedded flaws into the casing wall. Secondary stresses
vhich result from the geametric discontinuities affect the fracture
resistance of the casing at the location of the embedded flaws. Hence,
a knowledge of secondary stresses that can be developed by getmetric
discontinuities is a necessary prerequisite to the prediction of the

performance capabllities of a given motor case.

Object and Scope

This study has two objectives., The first is to determine the secondary
stress fields which can be developed near gecmetric discontinuities in
large rocket motor casings. The second is to establish the effect of

the secondary stresses on allowable flaw size.

The study will be limited to the consideration of discontinuities which

can be caused by the welding of large casings. Geametric discontinuities

comonly due to welding are

1) angular mismatch (Figure la),

2) radial mismatch (Figure 1b).

Individual analyses are made of each of the abovementioned discontinuities

at longitudinal and girth welds in both the heads and bodies of rocket

motor casings.

A geametric discontinuity inherent to the design of the vessel is the

head to shell Jjuncture vhich is effected by means of a Y-ring. Analyses
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were made of the Y-ring junctures for three different motor cases in
order that the cambined effects of Y-ring discontinuity, material de-
lamination and radial mismatch could be computed. A single solution
has been campleted for cambined effect of Y-ring discontinuity and

angular mismatch.

THE FLAW SIZE CORRECTION FACTOR

Results of studies of geametric discontinuities in large rocket motor

casings will be expressed in terms of a quantity called the flaw size

corre

where

ction factor. Critical flaw sizes are camputed from the expression

2
S !

a _
(Q) er. l.21nm 0 2 M (1)

a is flaw size,

Q is a function of the order of 1 vhich has a value
dependent upon the flaw shap- , yield strength of
the material, and applied stress level.

KIC is plane strain fracture toughness of the material
containing the flaw,

o0 1s the camponent of the stress field acting perpendic-
ularly to the plane of the crack,

Mx 1s an approximate correction factor to account for the
relative geametry of flaw and structure.

The above expression can be written as

vhere

K. 2
a ] 1 Ic. 1
(er Ta7 R 2 M« (2)

o = the camponent of the membrane stress solution acting
m  perpendicularly to the plane of the crack,

Ay 1s the flaw size correction factor.
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It is now apparent that

Ay = (== (3)

and is & scaler by which a critical flaw size associated with a given
camponent of the membrane stress solution must be divided in order to
obtain the critical flaw size associated with the corresponding camponent

of the total stress field.

3. ANGULAR MISMATCH

3.1 Assumptions
In the following stress analyses of angular mismatch, 1t will be

assumed that

1) Plane sections remain plane and normal to the inextensional

middle surface (Kirchoff Assumption)

2) The geametry of an angular mismatch is symmetric with respect

to 1ts cusp
3) The angular mismatch 1s sufficiently far away from other causes
of secondary stress so that there 1s no interaction with the other

causes (other mismatches, Y-rings, nozzle adapter rings, ete.).

3.2 Cylindrical Casings

3.2.1 Girth Welds: In the analysis of angular mismatch at girth welds,
it will be assumed that the angular mismatch is axisymmetric.
If angular mismatch 1s not axisymmetric, it is suggested that the
stresses at the point of maximum sink-in for the non-uniform
mismatch can be approximated by the stresses in an axisymmetrically

mismatched cylinder with a sink-in equal to the maximum sink-in
of the non-uniform mismatch.

A-3




eieas e RN NENC e

P A [—— i

o

-l

Secondary stresses which result from angular mismatch depend
on the geometry of the mismatch. If the sink-in curve shape
is described as shown in Figure 2a, three variables are needed
to describe the mismatch geometry: the length L, the sink-in &
and the curve shape T. It was decided that a better assump-
tion for mismatch geometry would be the shape generated by an
imaginary concentrated moment assumed to act at the mismatched
weld (Figure 2b). The concentrated moment is probably a good
representation of the manner in which an angular mismatch is
developed. The latter representation reduces the number of
variables needed to describe the angular mismatch to one, 6 .
Furthermore, the use of the concentrated moment representation
takes into account the effect that motor case geametry would

exert on angular mismatch geometry.

The problem of axisymmetric angular mismatch was solved by

using the direct stiffness method described in (1). 1In the
neighborhood of the angular mismatch, the shell was represented
by a series of finite truncated conical elements connecting
nodal circles (Figure 3). It was assumed that the displace-
ments everyvwhere in the stmctu.re could be described in tems
of the displacement of the nodal circles and that the pregsure
load could be replaced by a set of equivalent loads at the nodal
circles. Compatibility of deformation was satisfied precisely
at the nodal circles and approximately along the other elemental
boundaries. The displacements were represented by the three displace-
ment components y, v and 4 at each nodal circle. These dis-
placements and the corresponding equivalent loads T, N and M

are 1llustra£ed 1n Figure 3.
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It was discmmd‘that the angular mimmatch problem exhibited
& beam-column type of non-linearity. The non-linearity was
taken into account by using the incremental force method
described in (2). Briefly, the proof pressure load of the
structure was broken into a number of increments. The deflec-
tions were camputed for the first increment of load by using
the stiffness matrix of the undeflected structure. The cam-

puted deflections were then added to the initial geametry and

_ & new stiffneas matrix was calculated for the partially de-

flected structure. The deflections for the second increment
of load were then camputed by using the new stiffness matrix.
This procedure was repeated until the total pressure load was

added to the structure.

The accuracy of this approximate solution depends on the number
of increments into which the load is divided. It was found
that for the particular problem of circumferential angular
mismatch, division of the load into more than five increments
resulted in only & very small change in the camputed forces.
Bence, the load wvas added in five increwents in all of the

solutions described herein.

The stresses due to the various secondary force components
developed near an angular mismatch at a girth weld in a cylinder
are illustrated in Figure 4. The stresses are for the particular
geametry indicated on that Figure. The dominant stress is that
generated by the longitudinal secondary bending maments. The

longitudinel bending stress is maximum at the apex of the cusp
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of the miamatch. The shear stresses are small in camparison
to most of the other secondary stresses and will not be taken
into account in the camputation of flaw size correction factors.

All other secondary forces will be taken into consideration.

The flaw size correction factors computed at the apex of the

cusp are shown for three different motor casings in Figures

5, 6, and 7. The correction factors are computed using the

maximum moment stresses acting in the outside fibres of the

casing wall. Hence, the correction factors are conservative.

Longitudinal Welds: In the analyses of angular mismatch at

longitudinal welds in cylinders, it was assumed that the mis-
match geometry was uniform along the entire length of the
cylinder. If the mismatch is not uniforn.t, the stresses at
the point of maximum sink-in can be approximated by the
stresses in & uniformly mismatched c¢cylinder which contains

a sink-in equal to the maximum sink-in of the non-uniform

mismatch.

The shape of the assumed angular mismatch curve is illustrated
in Figure 8. This simple geometry was chosen to avoid the
camplexities which arise from taking the curve shape caused by
a concentrated moment acting at the longitudinel weld. The
solutions had to be computed by hand and a choice of a com-
plicated mismatch geametry would have added greatly to the
amount of hand calculation that was necessary. It was found

in the girth weld angular mismatch problem that the solutions

A



B B

-T-

derived fram the curve shape of Figure 8 differed little from
solutions derived for the more complicated mismatch gecmetry
of Mgure 2b. Hence, the more simple geametry was chosen for

the solution of this particular problem.

In order to solve the longitudinal angular mismatch problem,

it was assumed that the cylinder underwent a plane strain type

of deformation. Hence a slice could be imagined to be cut from
the cylinder forming a ring. Because of the plane strain assump-
tion, the forces developed in the ring by the pressure acting on
the slice are the same as the forces generated by the pressure
acting on the cylinder. In the analysis of a ring, it can be
imagined that the circular force line of the ring is straightened
out to form a beam as in Figure 9a. For loadings symmetrical to
line A-A on the same figure, the boundaries of the analagous

beam would be fixed. If the beam is loaded with the longitudinal
forces pR and the cylinder with the pressure p, the forces gene-
rated in the two structures at corresponding points are identical.
Intuitively, it was felt that the forces developed in a pressurized
ring with angular mismatch would be very nearly the same as the
forces developed in the beam of Figure 9b. The only difference,
in the case of uniform longitudinal miematch, would be the
"pinching effect" of the pressure acting against the mismatch.
This effect 1s small. A linear analysis of the two structures

yielded solutions which did differ only by the "pinching effect.”

A non-linear numerical analysis was made of the analagous beeam of
Figure 9b in order to determine the forces generated by longitudinal

angular mismatch. A set of deflections was assumed for a discrete
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number of node points along the beam and the moments generated
by the longitudinal forces acting through the deflections was
canputed. The deflections resulting fram the moments were then
determined at each node point and campared with the aasﬁned
deflections. This procedure was repeated until the assumed and
computed deflections agreed at every node. The converged answer
is the correct answer to the problem. The analysis was made by
well known numerical techniques that can be found in most texts

on nunerical analyses.

The magnitude and distribution of secondary stresses developed
by an angular mismatch at a longitudinal weld are shown in
Figure 10. The stresses are for the particular geametry indi-
cated on the Figure. The dominant stress is the circumferential
bending stress which is maximum at the apex of the cusp. The
shear stresses are small and will not be taken into account in

the computation of flaw size correction factors.

The flaw slze correction factors computed at the apex of the
cusp are shown for three differert motor casings in Figures 11,
12, and 13. The correction factors are computed using the maxi-

mun moment stresses in the outside fibres of the casing wall.

3.3 SFHERICAL HEADS

3.3.1 Girth Welds: The method of analysis of angular miasmatch at

girth welds in spherical heads was identical to the method
described in connection with angular mismatch at girth welds

in cylinders (Section 3.2.1). It is wished to do scme final
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checking of the results before they are reported. Sample

results are presented for one motor case in Figure 5.

Gore Welds: Because of the uniform geametry of a sphere,
angular mismatch at gore welds gives the same results as
does angular mismatch at girth welds. It is recognized that
& uniform angular mismatch will never exist in a spherical
head. However, it is again suggested that the stresses at
the point of maximum sink-in fof a non-uniform mismatch will
be equaltoar less than the stresses in a uniformly mismatched
gore weld which contains a sink-in equal to the maximum sink-
in of the non-wniform miamatch. Hence, the same flaw size
correction factor will be given for angular mismatch at both

girth and gore welds in spherical heads.
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L4, RADIAL MISMATCH

.1 Assumptions

4,2

In the analysis of radial mismatch, it will be assumed that

1) the Kirchoff assumption is valia,

2) radial mismatch results only in an offset of the middle surface of
the shell and does not change the geametry of the joined shell seg-
ments, i.e., cylinders remain cylindrical and spheres remain
spherical.

The first assumption reduces the radial mismatch problem to one of two

dimensions so that the usual two dimensional shell theory can be applied.

The second assumption pemj_.ts a general solution which is applicable to
any motor casing. 1In motor casings, welds are used to join theoretically
perfect cylindrical or spherical segments. If any radial mismatch is
introduced at the weld, the joined segments cannot be gemmetrically
perfect. However, the amounts of radial mismatch will be very small

in camparison to the radii of the joined segments. The resultant
deviations from the assumed geometrically perfect surfaces should
normally be slight. Hence, the second assumption seems quite reason-
able. If significant geometry changes are introduced by a radial mis-

nmatch, each individual problem would have to be separately analyzed.

Cylindrical Casings

h.2.1 Girth Welds: Consider an axisymmetric internally pressurized
shell which has an axisymmetric radial mismatch (Figure lda).
If the shell is imagined to he cut into two pieces by a plane
passing through the mismatched section, it is fundamentally
possible to represent the forces at the cut section by equal

and opposite shearing forces () and equal, opposite, and col~-
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linear forces N acting along some unknown line of action
(Figureldb). There is no bending moment. If the longitudinal
forces are moved to the middle surfaces of the shell segments,
they must be accompanied by the bending moments Ml = Nd and
Mo = Ng (Figureldc). The two moments M; and M, differ by an
amount N § because of the nonconcurrence of the middle sur-
faces. This imbalance in moment, N § , will hereafter be

called the "mismatch moment."

By writing equations of continuity at the Joint, it can be

shown (3) that

M =Yp + py N&

where

y - (Blp‘ﬁgg)(sm-sen) - ‘(ﬁm'ﬁgn)(slp'azp)
(B1g-Bom) (81M-8on) - (BimBom) (815-62g)

N Bou(818-2m) - Som  (Bigh o) (%)
( 18" 23)(8M5m7 - M~ aﬂ(&m"&gﬂ)

i

Siw_(brgfon)
(B1m-ABoa) G 15-50m)

p 5 ﬁm(sln" 2H)

(Brg-Lom) (81~ Boyy)

The subscripts 1 and 2 relate the subscripted quantities to

the two different shell segments of Figure 1lL.

3ince the shell geometry is assumed to be symmetrical with

respect to the mismatched seam, 1t can be shown that

A-11
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4.2.1 (cont'a)
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¥=0 (5)
il = el = Yz

and the moments My am MQ take on the value

M| = M| = Ms (©)
2
A further consequence of the assumed symmetry of shell
geometry 1s that the change in membrane force N which is
caused by the redial mismatch is zero at the mismatched

section. Hence, the value of N in Equation 6 can be taken as

the membrane solution value of Ng.

In general, circumferential radial mismatch will not be axi-
symmetric. However, the assumption of insignificant geometry
change leads to the following result: if the amount of radial
mismateh at any location on the non-axisymmetrically mis-
matched joint 1s 8., the value of the moments M and M, will

be NyS.. /2 at that particular location.

The secondary forces developed by radial mismatch are distributed
to the adjacent shell segments in which they attenuate to zero.

A solution (4) is available for the attenuation of the forces
near a axisymmetrically mismatched circumferential weld. A
solution could be developed for non-axisymmetric mismatch by
means of a Fourier Series analysis. However, the latter solution

has not been underteken.

The theoretical distritution of longitudinal bending moments
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4.2.1 (cont'd)

developed by a axisymmetric radial mismatch is included in
Figure 15. It can be seen that the peak moments occur at the
mismatched weld and that the weld 1s located in an area of
rapidly varying secondary stress. It 1s recognized that the
peak moments computed for the 1dealized mismatch of Figure 1
will seldom, if ever, be realized in an actual vessel. Actual
mismatches will not be as abrupt as that shown in Figure 1.
However, it 1is conservetive to use the theoretical peak mgments
in computing flaw size correction factor. Hence, the peak moments
will be used in this appendix in the flaw size correction factor
determination. Furthermore, it appears appropriate to assume
that the peak secondary moments are constant over the total

width of nugget and heat affected zone.

Computations have shown that stresses developed by secondary

forces other than the bending moments are small. For example, if

R = |30 n,
't = O._(Sun_
S = O. 10 in
P = —(60 F‘S'i'

the maximum bending and shearing stresses are

U bvending = 26,300 psi

O~Ehear

430 psi

Hence, account will be taken of only the secondary bending moments
and primary membrane solution forces in computing flaw size

correction factors.

A-13
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4,2.1 (cont'd)

For cylindricel casings, N will be set equal to the membrane value
of pR/2. The maximum value of the longitudinal bending moment

1s thenpR &/k where &§ is the value of the radisl mismatch at

the section under investigation. The resulting circumferential
bending moment 1s MpPR §/4. The maximum longitudinal and eir-
cumferential stresses occur in the extreme fibers of the casing

wall and are given by the expfessiona

R , 35 o0
ML (1)

T - BR + 8 pk

Ty

i

The corresponding flaw size correction factors are

ap = {13 ®
Are = {l + %%}z

Equations 8 are plotted in Figure 16.

The above flaw size correction factors are conservative values
since they are based on the maximum stresses wiich occur in

the extreme fibers of the vessel wall.

The attenuation of the values of the longitudinal flaw size correc-
tion factors in an axisymmetrically mismatched cylinder 1is

illustrated in Figure 17.

A- 14
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4,2.2 _L_c:_ny_.tudinal Welds: The same assumptions and reasoning

that were used in the stress analysis of mismatched cir-
cumferential welds havebeen used in the stress analysis

of mismatched longi“tudinal welds. The value of K was
taken as the membrane solution value of Ngwhich equals PR.
The value of the moments M; and M, become pR§/2 where &
is the value of radial mismetch at the section under
consideration. The resulting longitudinal bending moment
is glven with sufficient accuracy by,uFRS/ 2 . Hence, the
maximum circumferential and longitudinal stresses in the

case are
|4
To = FF + 255 (9)
T - BE + LR

The corresponding flaw size correction factors are

Are = Zl +3_§}z (10)
Alff = {h, @“%}‘l

Equations 10 are plotted in Figure 18,

A study of the attenuation of the circumferential secondary
bending moments was made in (5). Solutions were derived

for longitudinally mismatched cylinders with simply supported
ends., However, if the mismatch is located sufficiently far
away from the end support, the end support condition should

not have a great deal of effect on the solution.

A-1S
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Spherical Heads
4.3.1 Girth Welds: The analysis of radially mismatched girth

welds in spheres is very similar to the analysis described
for radially mismatched girth welds in cylinders. If

the head is imagined to be cut at the mismatch, the force
system on the cut faces can be represented as in Figure
|4a orj4b. If one uses the simplified theory for spherical
shells (4), it is found that

M| = |Mz| = & | (11)

which is the same result as that which was derived for

cylindrical shells.

The ratio of (R/t) for the heads of large rocket motor casings
is very large. The simplified theory of spherical shells
gives very accurate results for such heads, even near the
crowvn of the heads. Hence, equation 1] is valid for all
girth wvelds which do not fall within the area of influence of

the Y ring or nozzle adapter ring.

The vaelue of N is the membrane solution value of PR/2. The
absolute value of the moments M} and M2 is then PRS/4- The
corresponding circumferential moment 15/49'?8/4- Ignoring the
effects of shearing forces and chénges in the in-plane forces
of the stress state, the maximum meridional and circumferential

stresses at the mismatched girth weld are

Js = K Bupk
g? + Supkd

2t

A-l6
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4.3.1 (cont'd)

4.3.2

The corresponding flaw size correction factors are

Acp - {“3%}1 (13)
Ao = {ny&—f—}z

Equationsl3 sre plotted in Figure 16.
Gore Welds: Using the simplified type of analysis described
herein, the analysis of the secondary moments developed by

mismatched gore welds 1s identical to the same anslysis

for girth welds. The resulting flaw size correction factors

for mismatched gore welds is
s z
Ake [}+3t}
s A
Acg {1+;u_€}

Equations 1k are plotted in Figure 18.

I

(14)

i
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ANALYSIS OF GEOMETRIC DISCONTINUITIES ADJACENT TO Y-RING

When radiel and angular mismatch occur adjacent to a Y-Ring, the com-
bined effects of Y-Ring discontinuity and geometric discontinuity must
be determined. Combined effects analysis were made in the usual
manner. The Y-Rings were cut into a number of segments and the shears
and moments on the cut faces were teken as the unknowns for which

the solution was to be conducted. Equations of equilibrium and
continuity were written for each Joint and the resulting .seta of
simultaneous linear algebraic equati ons were solved for the unknown
forces. Two-dimensional theory was used in all solutions, i.e., it
vas assumed that plane sections remain plane and normsl to the middle
surface., The elemental breakdown scheme for the forward Aerojet 260,

Thiokol 260, and Thiockol 156 Y-Rings are included in Figures 19 and 20.

The major difficulty in performing the Y-ring analysis was caused by
the unusual loading conditions used in the proof tests. The proof test
set-up generates a large tensile stress in the heads of the casings.
However, the skirts are loaded with a small compressive force in Aerojet
case and it was assumed that the skirts in the Thiokol cases will be
unloaded. The large differences in skirt and head forces creates a
large moment at the junction of the head, skirt and thickened portion
of the Y-Ring. It is recognized that the use of two-dimensional theory
wiil result in some inaccurascies in the analysis at the above mentioned
Junctions. However, a three dimensional elasticity solution of the
Junction is prohibitively difficult. Hence, two-dimensional theory
was used in the analysis described herein. A knowledge of the stress
level that are developed in the junction area can best be determined

from measurements of strain during proof test.
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(cont'd)

An analysis wes conducted to determine the effects,on stress,of plate
delamination near a weldment. The delaminations were assumed to occur
only in the parts of the casings which are to be fabri cated from plate
stock. The locations and magnitudes of the assumed delaminations are
illustrated in Figures 19 and 20. The flaw size correction factors
determined for combined delamination and radial mismatch at both

head to Y-ring and shell to Y-ring welds is 1iluatrated for both 260-
inch diameter Aerojet and Thiokol casings in Figures 21 through 24
(the solution for‘the 156-inch dismeter Thiokol casing is not complete
at this time). The delaminations were assumed to occur at a depth of
0.375 t from the surface of the plate in both Thiokol casings. Analyses
showed that delamination at this location resulted in maximum stress
in the delaminated material. In the Aerojet casing, solutions were
conducted for only mid-plane delaminations. The stress differences
between mid-plaﬁe and 0.375t delaminationsere small. The results show

that delaminations can have a significant effect on the flaw size

correction factor.

An analysis was conducted to determine the effect)on stress ,of angular
mismatch at the head to Y-Ring weld in the 260-inch diameter Aerojet
casing. The analysis was linear and, hence, overestimates the flaw

size correction factors. However, the results are conservative and

are presented in Figure 25.

A1
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SUMMARY

Secondary stresses developed by radial and angular discontinuities at welds
in large pressure vessels have been camputed. The discontinuities were
assunmed to oceur individually. The cambined effects of radial and Y-ring
discontinuity and angular and Y-ring discontinuity were determined. An
analysis of the effects of delamination in the material adjacent to a Y-

ring also was made.

The effect of the secondary stresses on the flaw sizes which can be allowed

at the weld locations has been camputed.

A-20
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